Abstract: White-rot fungi have a versatile machinery of enzymes which work in harmony with secondary aryl alcohol metabolites to degrade the recalcitrant, aromatic biopolymer lignin. This review will focus on the important physiological roles of aryl (veratryl, anisyl and chlorinated anisyl) alcohols in the ligninolytic enzyme system. Their functions include stabilization of lignin peroxidase, charge-transfer reactions and as substrate for oxidases generating extracellular H20 2. The aryl alcohol/aldehyde couple is well protected against degradation by the fungi's extracellular ligninolytic enzymes and their concentrations in the extracellular fluid are highly regulated by intracellular enzymes.
Introduction
Lignin, the most abundant aromatic polymer on earth, is found in all higher plants. The compound gives the plant strength, it serves as a barrier against microbial attack and it acts as a water impermeant seal for the xylem vessels of the plant vasculature [1] . The biosynthesis of lignin arises from a phenol oxidase catalyzed coupling reaction of p-coumaryl alcohol and it's methoxy substituted counterparts (Fig. 1) . The structural features of this heterogenous polymer impose unusual restrictions on its biodegradability. The initial attack must be extracellular, nonspecific and non-hydrolytic. White-rot fungi, belonging to the basidiomycetes, are responsible for the fastest and most extensive degradation of lignin [3] . The white-rot fungus Phanerochaete * Corresponding author, Tel.: (08370) 84976; Fax (08370) 84978.
chrysosporium (anamorph: Sporotrichum puh,erulentum) has been used extensively as a model organism to study the physiological requirements and enzymes required for lignin biodegradation.
Lignin cannot be degraded as a sole source of carbon and energy, consequently lignin degradation only occurs when other readily available cosubstrates (e.g. hemicellulose, cellulose) are available. Many environmental factors are known to influence the degradation rate of iignin by this fungus including oxygen tension, culture agitation, choice of buffer, mineral concentrations (especially Ca and Mn). Lignin degradation by P.
chrysosporiurn occurs during secondary (idiophasic) metabolism, triggered by carbon, nitrogen or sulfur limitation [3] [4] [5] . The extracellular ligninolytic system of P. chrysosporiurn consists of lignin peroxidase (LIP) [6, 7] , manganese peroxidase (MnP) [8] , HzO2-producing enzymes including glyoxal oxidase (GlyOx) [9] ) and the secondary metabolite veratryl alcohol synthesized de novo [10] (Fig. 2) . Research on lignin biodegradation has accelerated tremendously during the last 15 years in response to potential applications in several areas. The use of white-rot fungi for biopulping and bleaching has been investigated [12, 13] . Also, the potential of white-rot fungi and their enzymes to improve the digestibility of lignocellulosic feed has been studied [14, 15] . Lignin degradation 155 functions in a non-specific manner: consequently, other compounds that have an aromatic structure are also highly susceptible for attack by white-rot fungi and their ligninolytic enzymes. Therefore white-rot fungi can potentially be applied to clean up toxic waste sites [16] [17] [18] .
In recent years, several reviews have appeared dealing with lignin biodegradation in general Table 1 The production of aryl alcohols/aldehydes by basidiomycetes a The production of only unsubstituted phenyl alcohols has been reported for several other basidiomycetes, including Heterobasidion ann©sum (syn. Fomes annosus ), Lenzitus betulina, Phellinus spp., Polyporus spp., Poria spp.. Nigroporus durus (syn. Polyporus durus) and l~vrornyces sambuceus [30, 33, [49] [50] [51] . The structure of the secondary metabolites is shown in Fig. 7 . b Fungi who give white-rot (WR) or brown-rot (BR) decay of wood. c The production of veratryl (VA), anisyl (AA), benzyl (BA), 3-chloro-anisyl (CA) and 3.5-dichloroanisyl alcohol (©) and aldehyde (el by fungi. [3, 4, 19] and selected aspects, including the mechanism of lignin model compound degradation [20, 21] , production of lignin peroxidase [6] , genetic aspects of ligninolytic enzymes [22] , ultrastructural localization of lignin degradation and enzymes [23, 24] and biotechnological applications [25] . An intriguing aspect of the ligninolytic complex of white-rot fungi is the de novo biosynthesis of aromatic metabolites, including veratryl, anisyl and chlorinated anisyl alcohols. The most enigmatic attribute of these secondary metabolites is their purpose. Fungi frequently expend a considerable amount of their available energy to biosynthesize these compounds, yet the selective advantage(s) for doing so are not obvious [26] . Moreover, it seems contradictory for white-rot fungi to biosynthesize aromatic compounds like veratryl alcohol when simultaneously huge amounts of analogous aromatic metabolites are formed from lignin biodegradation [27] [28] [29] . The objectives of this paper are to give an overview of the aryl alcohol metabolite biosynthesis and their physiological functions in the ligninolytic complex of white-rot fungi. In addition, we will evaluate the types of enzymes ligninolytic fungi possess to regulate the amount of monomeric aromatic metabolites in their extracellular environment.
Biosynthetic routes for substituted aryl alcohols
Both brown-and white-rot fungi synthesize a wide range of aromatic compounds with a methoxygroup at the para-position (Table 1) . It is anticipated that these types of compounds are produced via the shikimate pathway [52] . However, in most cases neither intermediates nor enzymes have been characterized nor have labelling studies been performed to confirm that the shikimate pathway is involved. Several whiterot fungi produce de novo veratryl alcohol (Table  1) . P. chrysosporiurn biosynthesizes this compound via L-phenylalanine, 3,4-dimethoxycinnamyt alcohol and veratrylglycerol (Fig. 3) [53] . The enzyme phenylalanine ammonia-lyase is common among basidiomycetous fungi [54, 55] [29, 53] ).
the growth-limiting nutrient [3, 56] . Which enzymes are involved in the hydroxylation reactions is not known. Also the final steps in the biosynthesis, the oxidation of 3,4-dimethoxycinnamyl alcohol to veratrylglycerol and the subsequent Ca-C/3 bond cleavage yielding veratraldehyde and glycolaldehyde, are-not well characterized. Another white-rot fungus, T. versicolor also metabolized added 3,4-dimethoxycinnamyl alcohol via veratrylglycerol and veratraldehyde [57] . In vitro these conversions are catalyzed by lignin peroxidase [56] . However, the addition of catatase to idiophasic cultures of P. chryso~porium did not halt veratryl alcohol biosynthesis [58] , and a lignin peroxidase negative mutant was still capable of converting exogenous 3,4-dimethoxycinnamate to veratryl alcohol [56] . This suggests that lignin peroxidase is not needed in the biosynthesis route. Many white-rot fungi also produce anisyl alcohol and aldehyde as well as their chlorinated derivatives (Table 1) . However, the route by which they are biosynthesized by basidiomycetes is not known and should be elucidated by further research.
The production of secondary metabolites is very much dependent on the strain, the growth substrate and the growth conditions [30] . Consequently, the absence of a certain secondary metabolite under any given culture condition does not exclude its production by the fungus under other conditions.
Methylation of phenolic metabolites
Many secondary metabolites contain methoxy groups (Table 1) , indicating the presence of a methylating system in white-rot fungi. Methylation is also a common reaction in the catabolism of aromatic compounds by white-rot fungi. When grown on lignocellulose as substrate, lignin degradation metabolites, including vanillate [27, 29] and syringate [59] , are methylated. Subsequent reduction of veratrate contributes significantly to the veratryl alcohol titer (Fig. 3 ), parallel to de novo biosynthesis [29] . It has been suggested that methylation of phenolic compounds prevents polymerization reactions by phenol oxidases and detoxifies the culture broth. Recently, a Sadenosyl methionine-dependent O-methyltransferase was purified from the white-rot fungus P. chrysosporium and characterized. This enzyme catalyzed the para-specific methylation of vanillate and syringate [60] . The enzyme has no activity with ferulate, isoferulate or caffeate, suggesting that it is not involved in the proposed biosynthesis route of veratryl alcohol (Fig. 3) [53] .
The brown-rot fungi Lentinus lepideus [56, 61, 62] and Piptoporus betulinus (syn. Polyporus betulinus) [30] only produce methylated aromatic acids e.g. methyl anisate. Methyl p-methoxycinnamate was produced when the brown-rot fungus L. lepideus was incubated with methyl p-coumarate and [14CH3]-methionine. The [~4CH3]-methionine label was found both in the methyl and methoxy group [61] . From this organism two distinct S-adenosyl methionine-dependent O-methyltransferases were partial purified, one catalyzing the formation of methyl esters from free aromatic acids while the other catalyzes the para-specific methylation of these methyl esters [63, 64] .
Another methyl donor used by basidiomycetes in the biosynthesis of methoxy groups and esters is chloromethane (CH3CI) which has a primary role in the methylation of aromatic compounds, such as acids or phenols [65] . Hymenochaetaceae, a widely distributed family of wood-rotting bracket fungi (including Phellinus spp.) release signifcant amounts of chloromethane (CH3CI) in the environment [66, 67] . Also several edible mushrooms from the orders of Boletales and Agaricales (Boletus edulis and Agaricus bisporus ) produce CH3CI [68] . The methyl group of chloromethane is also derived through a Sadenosyl methionine transferase [69] . At least two distinct chloromethane-utilizing systems occur in Phellinus pomaceus. One system is involved in methylating the carboxylic acids and the other system methylates the phenolic groups [65] . Harper and colleagues [43] showed that CH3CI could serve as a methyl donor in the biosynthesis of veratryl alcohol. Fungi belonging to families of Coriolaceae and Polyporaceae (P. chrysosporium, T. cersicolor and P. radiata) do not emit detectable amounts of CH3C1, but when they are grown in the presence of C2H3CI high levels of C2H3 were incorporated both in the 3-and 4-0-methyl groups of veratryl alcohol. However, the addition of CH3C1 to cultures of P. chrysosporium did not result in increased levels of veratryl alcohol [70] . In P. chrysosporium two distinct systems are simultaneously involved in methylating reactions, one using S-adenosyl methionine as methyl donor and the other using CH3CI as methyl donor [71] . The results show that CH3CI is a common intermediate in methylating systems of basidiomycetous fungi, although it is not always produced in detectable amounts. Future research should focus on the characterization of this unknown enzyme system which is responsible for the methyl transferring reactions from chloromethane to aromatic compounds. Besides methylation, xylosylation reactions are also possible with the hydroxy groups.
Xylosylation of reratryl and t~,anillyl alcohol
The white-rot fungus T. cersicolor xylosylates both secondary metabolites and lignin biodegradation intermediates. Kondo et al. [72] showed that veratryl and vanillyl alcohol are glycosylated (Fig. 4) . The phenolic hydroxyl group is much more extensively glycosylated than the alcoholic hydroxyl group. Several roles have been suggested for these glycosylation reactions in lignin biodegradation. The prevention of polymerization [73] , but all possible roles need further confirmation.
Chlorination of aromatic compounds
The fact that basidiomycetes can produce chlorinated compounds has been known for some time [74] [75] [76] . It is anticipated that haloperoxidases are involved in most biohalogenation reactions [75] . From terrestrial fungi two different classes of extracellular chloroperoxidases have been described. Caldariomyces fumago produces a berne-containing chloroperoxidase [77] , while a dematiaceous hyphomycete, Curvularia inaequalis, produces an vanadium-dependent chloroperoxidase [78] . The sources and properties of both heme-and vanadium-containing chloroperoxidases have been reviewed recently [77] . The occurrence of chloroperoxidases in basidiomycetes has not yet been described. Although lignin peroxidase can brominate veratryl alcohol, it is unreactive with chloride [79] . Table 1 shows that several basidiomycetes also produce chlorinated anisyl alcohols and aldehydes. The chlorinated anisyl metabolites (CAM) are produced both under laboratory conditions [31, 40, 80] and in the environment [32] . It is anticipated that phenylalanine or tyrosine is also a precursor in the biosynthesis of CAM compounds. The production of chlorinated amino acids has been reported for several marine organisms. 3-Chlorotyrosine has been isolated ( Fig. 5) from the whelk Buccinum undatum [81] and the cuticle of the horseshoe crab Limulus polyphemus [82] , the latter also produces 3,5-dichlorotyrosine. From cuticular proteins of a terrestrial insect (locust, Schistocerca gregaria ) 3-chlorotyrosine has also been purified [83] . Also, in the culture fluids of fungi, chlorinated amino acid derivatives have been found. Caldariomyces fumago produced chlorinated tyrosols (Fig. 5 ) [84] . The chlorination of tyrosol is catalyzed in vitro by chloroperoxidase. The basidiomycete Marasmius palmit,orus
, which is perhaps derived from 3-chlorotyrosine via deamination and decarboxylation.
Ligninolytic enzymes of white-rot fungi
The preceding paragraph has shown that the biosynthesis of secondary metabolites is common among white-rot fungi, thus it is interesting to know whether these metabolites have a role in the ligninolytic system of those fungi. To answer this question, the extracellular ligninolytic enzyme system will be explained first.
Peroxidases, laccases and H202-producing oxidases are important enzymes of the extracellular ligninolytic machinery secreted by white-rot fungi. The reactions catalyzed by phenol oxidizing Table 2 The production of extracellular oxidative enzymes by basidiomycetes Ceriporiopsis su&,ermispora
Coprinus cinereus + - [98, 107, 108] Coriolopsis occidentalis
Daedaleopsis confragosa
Dichomitus squalens [46, 109] Ganoderma australis WR + [110] Ganoderma calesiacum -+ + [46] Gleophyllum trabeum [20, 21, 90] , while non-phenolic compounds are oxidized to the corresponding cation radicals. All phenolic compounds are oxidized by phenol oxidases, whereas the different enzymes have completely different substrate ranges for non-phenolic compounds. Laccase can only oxidize compounds with a relatively low ionization potential, including 1,2,4,5-tetramethoxybenzene (E~/2 <~ 0.81 V vs. a saturated calomel electrode), to the corresponding cation radical [91] [92] [93] . Non-phenolic compounds with higher ionization potentials (E~/2 <~ 1.06-1.12 V) are still readily oxidized by both LiP, MnP, HRP. LiP is an extraordinary peroxidase since it can oxidize non-phenolic aromatic compounds with very high ionization potentials such as 1,2-dimethoxybenzene (El~ 2 = 1.5 V) and veratryl alcohol [92, 94] .
The exact oxidizing activity of MnP is at the moment still unclear [93] [94] [95] [96] [97] .
First it is important to discuss the characteristics of each ligninolytic enzyme. With this information, it will be possible to explain the physiological roles and the metabolism of the de novo biosynthesized aryl alcohols.
Lignin peroxidase
Lignin peroxidase (LIP, EC 1.11.1.-) is an extracellular lignin-degrading enzyme discovered in ligninolytic cultures of P. chrysosporium [6, 7] . The enzyme is produced by many (Table 2) but not all white-rot fungi. Together with other enzymes, LiP is thought to constitute the major component of the lignin-degrading system of P. chrysosporium. However, with in vitro experiments, only polymerization reactions of lignin were noticed [131] , leading to doubts about the essential role of LiP in vivo [132] . Several facts indicate that LiP is important in lignin and xenobiotic degradation by LiP-producing white-rot fungi. The enzyme can depolymerize dilute solutions of lignin in vitro [133] , can oxidize and depolymerize a variety of dimers and oligomers structurally related to lignin in vitro [20, 21] and LiP catalyzes [121, 149] ).
the production of activated oxygen species [134] . Furthermore, the observation was made that cultures supplemented with LiP degrade lignin much faster than reference cultures which received no enzyme [135] . It has also been suggested that LiP plays a much more important role in the degradation of synthetic [14C]-lignin to 14CO2 than MnP [114, 119, 136] . The reaction mechanisms of lignin model compound oxidation have been extensively reviewed [20, 21] .
The enzyme is a monomeric N-and probably O-glycosylated protein with four disulfide bonds [137, 138] . Its pH optimum near 3 is unusually low [139] . LiP contains one iron protoporphyrin IX as prosthetic group and has the same catalytic cylce as horseradish preoxidase (HRP). In Fig. 6 , the five oxidation states are shown. Reaction 1 of ferric enzyme with H20 2 yields the compound I, ferryl iron (Fe TM) porphyrin cation radical intermediate, which is two oxidizing equivalents above the resting state. One-electron reduction of compound I with a reducing substrate (e.g. veratryl alcohol [121, 140] ) or H20 2 yields the iron oxo intermediate, compound II (reaction 2). This intermediate still contains ferryl iron (Fe TM) but no longer has the porphyrin cation radical. Finally, a single one electron reduction step returns the enzyme to its native state (reaction 3), completing the catalytic cycle [141] [142] [143] . In the absence of reducing substrate, compound II is further oxidized by H20 2 to compound lII, a species with limited catalytic ability [144] [145] [146] [147] . Compound II1 is stable, but it is rapidly inactivated in the presence of excess H20 2 [148] . Compound III can return to the resting ferric state either spontaneously or in the presence of HeO2 and a reducing substrate like veratryl alcohol [149] .
The enzyme is produced as a set of closely related isozymes with molecular masses weights ranging from 38 to 43 kDa, and is encoded by different genes in P. chrysosporium [139, 150] , P. radiata [121, 151] , B. adusta [152] and T. c'ersicolor [129, 153] . The expression of LiP genes is regulated by an inverse function of the Mn ~ concentration [114, 154, 155] . The Mn n concentration has no influence on the amount of veratryl alcohol biosynthesized [156] . Intracellularly, the concentrations of cAMP regulate the LiP gene expression at the level of transcription [157] . The influence of several culture parameters on the production of LiP by P. chrysosporium has been reviewed [5] . Both the strain and the growth conditions alter the balance and the nature of the different isozymes [158] [159] [160] .
Manganese peroxidase
In addition to LiP, white-rot fungi produce extracellular manganese peroxidase (MnP, E.C. 1.11.1.-) under ligninolytic conditions ( Table 2 ). The enzyme was first discovered in the culture fluid of P. chrysosporium [8] . The MnP/Mnn/ malonate system oxidizes several phenolic substrates including lignin and xenobiotic model compounds [17, 161, 162] . Furthermore, the Mnm-chelator complex is a freely diffusible oxidant (mediator), and consequently it can oxidize lignin within the woody matrix. Purified enzyme can give depolymerization of a synthetic lignin (DHP) [163] , and also degrades high molecular mass chlorolignins [164] . MnP is the predominant enzyme involved in kraft pulp bleaching [89, 165] and the decolorization of bleach plant effluents [155] .
MnP is a glycoprotein (M r 46000) and contains one iron protoporphyrin IX prosthetic group [166, 167] . The enzyme exists as several closely related isozymes and are encoded by several different genes in P. chrysosporium [159, 168] and T. t,ersicolor [129, 153] . The expression of MnP genes 161 is regulated by a direct function of the Mn n concentration [109, 114, [154] [155] [156] 169] . Intracellularly, the concentrations of cAMP regulate the MnP gene expression at the level of transcription [157] . Both spectral characteristics and the catalytic cycle of MnP are very similar to LiP and horseradish peroxidase (HRP, EC 1.11.1.7) [141, [170] [171] [172] [173] . However, Mn II is required for reducing compound II back to the native ferric enzyme in order to complete the catalytic cycle [170, 172] .
After oxidation by MnP, Mn m must form a complex with a chelator before it can oxidize phenolic substrates [173] . Organic acids are good chelators [166, 172, 174] and basidiomycetes are producers of oxalic acid [134, 173, [175] [176] [177] , malonic acid [173] , pyruvic acid [178] and malic acid [179] . Mnm/oxalate and Mnln/malonate form very stable complexes, which probably function in vivo. Malonate facilitates Mn Hx dissociation from the enzyme and has a relatively low Mn H binding constant [173] . The Mnm/malate complex is not stable, decomposition by H20 2 leads to the formation of molecular oxygen and Mn ll [180] .
Other phenol oxidases can behave like MnP under special conditions. LiP is capable of Mn m generation in the presence of a suitable chargetransfer mediator, e.g. veratryl alcohol [181, 182] . Laccase and peroxidases from horseradish (HRP),
Arthromyces ramosus and Coprinus macrorhizus
can generate Mn Ill ions in the presence of a phenol (i.e. m-cresol or 3-hydroxybenzoate), Mn n, H20 2 and pyrophosphate [183] . The major difference between MnP and other phenol oxidases is the ability of MnP to directly oxidize Mn II to Mn m in the absence of a (non)-phenolic co-substrate. Consequently, all phenol oxidases can potentially perform the same mediator reaction as MnP by producing the diffusible Mn m oxidant. Further research is necessary to investigate the role, if any, of this not MnP-dependent formation of Mn m ions in vivo.
Other peroxidases
Several reports have appeared where extracellular peroxidative activies other than LiP or MnP were detected, Bjerkandera adusta [100, 104] , Junghuhnia separabilima [87] [113] , Pycnoporus cinnabarinus and Dichomitus squalens [46] ) all produce unique extracellular peroxidases. These not so well characterized enzymes show no reactivity with veratryl alcohol in the standard ligninase assay [184] and are, in terms of the reactions catalyzed, comparable with HRP.
Laccase
Laccases (benzenediol : oxygen oxidoreductase, EC 1.10.3.2) are multi-copper-containing enzymes catalyzing the four one-electron oxidations of a variety of mostly polyhydric phenolic compounds and simultaneous four-electron reduction of dioxygen to water [185] . The enzyme is produced by almost all white-rot fungi (Table 2 ) [111, 186] , with P. chrysosporium being a notable exception [3] . Its production is dependent on the culture conditions [98, 123, 187] , and both constitutive and inducible forms of laccase are known. The inducible forms in general have a higher activity [188] .
Laccase has been linked many times with lignin degradation [21, 189] . This is in part because of the widespread production of laccase by white-rot fungi, but also because the reactions of laccase with phenolic lignin substructure models are similar to the mechanisms reported for lignin peroxidase [21] . However, in in vitro experiments using purified enzyme, lignin polymerization reactions predominate. The addition of purified laccase also gives a limited demethylation of kraft pulp [165] . It has also been speculated that laccase has a role in toxicity reduction of phenolic compounds by the polymerization reactions [190] .
All laccases are glycoproteins [185] . A. bisporus laccase contains equal amounts of O-and N-linked carbohydrates [191] . It has been proposed that the N-linked carbohydrate chains protect T. uersicolor laccase Ill from proteolysis [192] . In general, laccase contains four copper ions, allthough enzymes with two, three and six copper atoms are also known [193] .
1-1202 producing enzymes
The extracellular peroxidases need H20 z for activity. Interestingly, one of the enzymes that generates H20 2 is extracellular aryl alcohol oxi-
Substates: Benzyl alcohol: RI=R2=R3=H Anisyl alcohol; RI=R3=H, R2.,OCH 3 Vefatryl alcohol: RI=R2.OCH 3. R3=H 3-Chloro-anisyl alcohol; Rt=CL R2=0C1--~3, R3=H 3.5-Dic;hloro-arisyl alcohol: R I=R3=CL R2=OCH 3 Fig. 7 . Reaction mechanism of aryl alcohol oxidase (AAO) and the chemical structure of secondary metabolites, which are alt substrates of the enzyme (adapted from [105, 126, 195, 197] ).
dase (AAO). This enzyme oxidize aromatic alcohols to aldehydes and reduces O 2 to H202 (Fig.  7) . AAO activity has been found in cultures of T. t~ersicolor [130] , Pleurotus sajor-caju [126] , P. ostreatus [124] , P. eryngii [194] [195] [196] and B. adusta [103, 197] . Also extracellular c~,/3-unsaturated alcohol oxidase of Fusarium spp. [198] and intracellular vanillyl alcohol oxidase of Penicillium simplicissimum [199] have been described. These enzymes of the hyphomycetes do not resemble the extracellular AAOs of basidiomycetes. It is interesting to note that the intracellular vanillyl alcohol oxidase needs a hydroxy group in the paraposition [199] , while extracellular AAO show reduced or no activity with 4-hydroxy-substituted aryl alcohols [124, 195] . AAO of P. eryngii is a glycoprotein of 72.6 kDa and contains FAD as a prosthetic group. The enzyme has the highest activity with non-phenolic aryl alcohols but also shows activity with aliphatic alcohols with a conjugated double bond, its activity is strongly increased by an additional conjugated double bond [195] . AAO is not the only system available to whiterot fungi to produce extracellular H20 2. Many other extracellular and intracellular oxidases are known which provide U202. Extracellular glyoxal oxidase [9, 200] is thought to be very important for H202 generation (Table 2) . MnP can generate H202 by catalyzing the oxidation of NAD(P)H [201] and also extracellular pyranose 2-oxidase has been detected [105, 202] . Several intracellular enzymes producing H,O~ have been reported from white-rot fungi, including glucose-l-oxidase (EC 1.l.3.4) [203] , pyranose-2-oxidase (EC 1.1.3.10) [204, 205] , methanol oxidase (EC 1.1.3.13) [206] and fatty acyl-CoA oxidase [207] .
Simultaneous occurrence of ligninolytic activity and aryl alcohol production
It is important to know whether the secondary metabolites and the ligninolytic enzymes are produced concurrently. The production of veratryl alcohol by P. chrysosporium and the onset of ligninolysis are closely linked. Both appear at the onset of idiophase [208] . Moreover, culture conditions which stimulate lignin degradation, such as an elevated oxygen tension [53] and high cAMP levels [209] , increase the veratryl alcohol titer, whereas factors that decrease lignin degradation, such as culture agitation [53] and high levels of glutamate or ammonium nitrogen, also decrease the veratryl alcohol titer [209, 210] . However, the results obtained with both mutant and revertant strains of P. chrysosporium have not unequivocally revealed a linkage between lignin decomposition and veratryl alcohol biosynthesis [211] [212] [213] . Also Bjerkandera spp. produce several secondary metabolites [31, 33] simultaneously with their ligninolytic enzymes [105] . In this fungus, both the LiP production and the veratryl alcohol biosynthesis are strongly stimulated by N-rich glucose/peptone medium [102, 105] . Because the ligninolytic enzymes and secondary metabolites are produced simultaneously, it is interesting to see which physiological roles aryl alcohols play in the ligninolytic system.
Physiological roles of aryi alcohols
Numerous fungi produce de novo aryl alcohols and aldehydes (Table 1 ) and several roles have been suggested for these compounds, particularly veratryl alcohol, in the physiology of white-rot fungi: (i) induction of ligninolytic enzymes by aryi alcohols; (ii) stabilization of lignin peroxidase by 163 veratryl alcohol; (iii) role of veratryl alcohol as a charge-transfer mediator; (iv) veratryl alcohol and the formation of activated oxygen species; (v) aryl alcohols as substrates for H202-producing enzymes. The different aspects of those physiological roles will be discussed below
Induction of ligninolytic en~,mes by atyl alcohols
The effect of aryl alcohols on the induction of the ligninolytic system has been studied by adding these compounds to growing cultures. Cultures of P. chrysosporium supplemented with exogenous veratryl alcohol demonstrated an earlier appearance of lignin degradation [208] and a higher lignin degradation rate [135] . This stimulation of lignin degradation was found with many LiP-producing white-rot fungi, including P. radiata [214] and T. t'ersicolor [100] . The effect of other aryl alcohols on lignin degradation rate is not known.
The addition of veratryl alcohol seemed to induce LiP production in P. chtysosporium [58, 215, 216] and P. radiata [217] ). In T. cersicolor, on the other hand, veratryl alcohol did not increase LiP production [218] . However, recent research did not show any relation between veratryl alcohol addition and the increase of LiP mRNA. This seems to exclude an inductive role of veratryl alcohol on LiP synthesis [219, 327] . Veratryl alcohol not only effects LiP but may also enhance the formation of MnP and laccase in P. radiata [217, 220] . It is interesting to note that aromatic compounds including veratryl alcohol and veratrate, which themselves are not laccase substrates, are able to induce laccase production [122, [220] [221] [222] .
Other aryl alcohols, including anisyl and vanillyl alcohol, have in general less effect on LiP and MnP activity [58, 222] . However, addition of anisyl alcohol to cultures of the white-rot fungus P. tigrinus stimulated MnP production by 2.5-fold while veratryl alcohol had no inducing effect [223] . In several fungi laccases are induced upon addition of various aromatic compounds, including 2,5-xylidine and ferulic acid [122, 188, 221, 222, 224, 225] .
Aryl alcohol oxidase appears to be a constitutive enzyme in both Pleurotus spp. [195] and B. adusta [102] and is not induced by veratryl alcohol [124] . However, light stimulates AAO activity in P. eryngii [ 196] .
During lignin biodegradation, significant amounts of monomeric aromatic compounds are found in the culture fluids [27, 29] . However, it should be kept in mind that those concentrations (gM range) are considerably lower than those used in the induction experiments. Consequently, the results of the induction experiments should be interpreted with caution. Physiological roles of the aryl alcohols other than induction are probably more important in the in vivo situation.
Stabilization of lignin peroxidase by c, eratryl alcohol
Purified LiPs are irreversibly inactivated in the presence of H20 2 [145, 226, 227] and it is suspected that these enzymes may also be inactivated by H20 2 under physiological conditions [228] . Consequently, some mechanism must exist to stabilize LiP or they would be of little value to the fungus. Haemmerli et al. [229] were the first to propose that veratryl alcohol has a stabilizing effect on LiP. Veratryl alcohol can conserve LiP activity by closing the catalytic cycle at the level of the reactions 1, 2 and 3 in Fig. 6 . The formation of the rather unstable and catalytically less active compound III would thus be avoided. Furthermore, in the presence of H 20:, veratryl alcohol can convert compound III back to the resting ferric state [149] (Fig. 6) . Inactivation of LiP is prevented if the veratryl alcohol/H20 2 ratio is greater than 200 at a H20 2 concentration of 10 gM [227] . The oxidation of anisyl alcohol, a poor LiP substrate, is increased by the addition of veratryl alcohol [230] , and this stimulation can be explained by prevention of enzyme inactivation [231] . Phenolic compounds, including guaiacol and vanillyl alcohol, are as good substrates for LiP as is veratryl alcohol. However, these compounds do not have a role in preventing enzyme inactivation [232] .
Role of veratryl alcohol as charge-transfer mediator
Harvey and others [230, 233] proposed that veratryl alcohol can act as a charge-transfer mediator in lignin degradation. They suggested that veratryl alcohol is oxidized via cation radical intermediates, which are known to be powerful charge-transfer reagents [234] that can oxidize large hydrophobic molecules like lignin. Simultaneously, the catalytic cycle of LiP is closed, thereby preventing the formation of LiP-compound III (Fig. 6) . The veratryl alcohol cation radical is reduced to veratryl alcohol and ready for another LiP catalyzed charge-transfer reaction.
The formation of veratryl alcohol radical cations and their ability to participate in chargetransfer reactions has been questioned. Free radical cations derived from veratryl alcohol were not detected with ESR techniques [142] . Nevertheless there are several indications that the veratryl alcohol cation radical is formed in the LiP-catalyzed oxidation of veratryl alcohol. The oxidation of several methoxybenzenes generates ESR detectable cation radicals [92, 235] . One of the tested compounds, 1,4-dimethoxybenzene, has a comparable effect as veratryl alcohol in enhancing the oxidation of anisyl alcohol and 4-methoxymandelate [230] . Furthermore, the production of several quinones and lactones in veratryl alcohol oxidation can only be explained when radical cations are produced [236] [237] [238] . It has been proposed that veratryl alcohol can function as charge-transfer mediator between the redox cycles of cellobiose:quinone oxidoreductase and LiP [239. 240] . Also the veratryl alcohol mediated formation of active oxygen species point to chargetransfer reactions (Figs. 6, 9 and 10) [134, 149, 181] . Indeed, with NMR spectroscopy it was shown that radical intermediates are produced during LiP-catalyzed veratryl alcohol oxidation [241] .
The fact that cation radicals are formed does not prove the role of veratryl alcohol as chargetransfer mediator in the oxidation of a third compound. Several groups have intensively researched the oxidation of anisyl alcohol, 4-methoxymandelate, lignin model compounds and dyes with LiP or with simple LiP mimics (hemin) in the presence and absence of veratryl alcohol [133, 231, 233, [242] [243] [244] [245] . Since anisyl alcohol and 4-methoxymandelate have higher redox potentials than veratryl alcohol itself, it is unlikely that they would be more easily oxidized to cation radicals than veratryl alcohol. However, follow-up reactions, like the irreversible decarboxylation of 4-methoxymandelate into anisaldehyde, suggests that the occurrence of the 4-methoxymandelate radical is still a possibility. This hypothesis is supported by the fact that laccase decarboxylates 4-hydroxymandelate into stoichiometric amounts of 4-hydroxybenzaldehyde. The initially formed 4-hydroxymandelate radical is probably not stable enough to give polymerization reactions (Fig. 8 ) [246] . The results obtained with anisyl alcohol do not fit into the charge-transfer hypothesis. At H20 2 concentrations low enough to avoid LiP inactivation, LiP is able to directly catalyse the oxidation of anisyl alcohol in the absence of veratryl alcohol [231] and, with simple hemin mimics, the pres- 165 ence of veratryl alcohol even repressed anisyl alcohol oxidation [245] . This result suggest that veratryl alcohol functions as a LiP stabiliser.
However, during the LiP-catalyzed oxidation of 4-methoxymandelate, veratryl alcohol can act as a charge-transfer mediator (Fig. 8) . The oxidation of veratryl alcohol to veratraldehyde by LiP was completely inhibited by 4-methoxymandelate [233] . Veratraldehyde formation commenced only after depletion of 4-methoxymandelate, while in the absence of veratryl alcohol no anisaldehyde was formed. A similar inhibition of veratryl alcohol oxidation was also seen during the oxidation of several azo dyes [244] . Fawer et al. [227] demonstrated with flow injection analysis a mediator role for veratryl alcohol. This mediated oxidation of a third substrate, e.g. lignin, only functioned when all components were present simultaneously, and was not observed when lignin was separated from the site of veratryl alcohol oxidation. Consequently, they proposed that an enzyme-bound cation radical is the mediating species. The results show that veratryl alcohol both can act as a stabilisator of LiP and as a charge-transfer mediator. In experiments it is often impossible to distinguish between both functions.
Veratryl alcohol and the formation of actiue oxygen species
Before the extracellular iigninolytic enzymes of P. chrysosporium were detected, it was speculated that activated oxygen species were important in lignin degradation [247] [248] [249] [4] as a substrate for the peroxidases but H20 2 itself is not a lignin oxidant [3] . Three other activated oxygen species are known to occur in biological systems: superoxide radical (O2-), hydroxyl radical ('OH) and singlet oxygen (IO2). Only OH and IO 2 are reactive enough to be considered as direct lignin oxidants. Recent research has shown that 0 2 -and "OH species can be formed in in vitro experiments [134, 149, 181] . The production of 10 2 by ligninolytic enzymes has not yet been shown. The production and consumption of activated oxygen species is a complex matter, even in simple model systems. The production of the least reactive species, 0 2-and the involvement of veratryl alcohol in each of the four reactions will be discussed first. In Scheme 1 the different equations leading to activated oxygen species are presented. (i) The unreactive LiP compound III is formed when no reducing substrate, i.e. veratryl alcohol, is present (Fig. 6 ). This compound decays either spontaneously or in the presence of veratryl alcohol (VA) and H20 2 to ferric LiP and 0 2-(Scheme 1, eq. 3 and 4) [149] . (ii) During the oxidation of veratryl alcohol (Scheme 1, eq. 1 and Fig. 10 ) and 4-methoxymandelate by LiP the formation of 0 2 -has been suggested [181, 230, 236] . Further reduction of O 2-(Scheme 1, eq. 10 and 11) generates a new H20 2 molecule. It was found that Mn u strongly stimulates this reduction of 0 2-(Scheme 1, eq. 8), increasing the veratraldehyde/H202 ratio significantly above 1 [181] . (iii) In the presence of excess H20 2, LiP catalyzes via veratryl alcohol radical cation (VA +) the one-electron oxidation of H,O~ to produce O½-and veratryl alcohol (Scheme 1, eq. 2 and Fig. 9 ) [250] . Together with equations 10 and 11, a netto production of 0 2 and a simultanous decrease of H20 2 will be the result. So, this reaction can regulate the extracellular H20 2 concentration. (iv) Both oxalate and EDTA cause the same non-competitive inhibition of veratryl alcohol oxidation by reducing the veratryl alcohol cation radical [182, [251] [252] [253] . In this reaction sequence (Scheme 1, eq. 4 and 5 and Fig 9) OU is formed [182, 251] . Interestingly, EDTA could not inhibit the oxidation of guaiacol and coniferyl alcohol [253] , so phenoxy radicals are not reduced by EDTA. At very low H20 2 concentrations a direct oxidation of oxalate in the absence of veratryl alcohol was also noticed [254] . The other species encountered is "OH. Its production in biological systems is very difficult to account for because this compound reacts with almost all biological molecules [256] . These radicals may very well be involved in lignin degradation since Gierer et al. [257] showed that OH can react with both phenolic and non-phenolic lignin model compounds. The most important reactions included oxidative coupling, demethoxylation, hydroxylation and oxidation of methyl groups. The so-called Fenton reaction (Eq. 8) can generate 'OH, although there is controversy if this reaction occurs under physiological conditions. However, Barr and others [134] have recently shown that in in vitro experiments carried out under physiological conditions (pH 5) reactions 5, 6, 7 and 9 leading to "OH formation can take place (Fig. 9) . P. chrysosporium and several brown-rot fungi give chemiluminescence in in vivo experiments, indicating the production "OH during growth on wood or cellulose [258, 259] . The "OH production by brown-rot fungi is stimulated by veratryl alcohol addition [258] . We can conclude that LiP can also catalyze several reductive reactions resulting in the formation of O;-(Eq. 1,2,3,6) and "OH (Eq. 9) species. In several cases veratryl alcohol acts as a chargetransfer mediator. These results show that activated oxygen species can be generated. Future research should elucidate if these species are formed just by minor side reactions of trivial significance or are indeed important in in vivo lignin and xenobiotic degradation.
The production of H20 2 with aryl alcohol oxidase (AAO)
Veratryl alcohol is a good substrate for LiP and acts as a stabiliser and charge-transfer mediator. The other common secondary metabolites (Table 1) , i.e. anisyl, 3-chloro-anisyl and 3,5-dichloro-anisyl alcohol, are not readily oxidized by LiP or other peroxidases [5, 105, 231] and have apparently another physiological role in the ligninolytic system. All these alcohols are good substrates for extracellular AAO, an enzyme produced by several white-rot fungi (Table 2) . Thus, all the aryl alcohols can be used for extracellular H 202-generation.
The oxidases of P. sajor-caju, P. ostreatus and P. eryngii are very similar regarding substrate specifity and affinity for veratry[ and anisyl alcohol [124, 126, 195] . The enzyme has a ten times higher affinity for the latter compound [201] . P. ostreatus does not produce significant amounts of veratryl alcohol; however, when grown on either synthetic glucose medium or in fungal associated wood samples [32] , anisaldehyde could be detected (unpublished results), indicating an active AAO coupled H202-generating system.
Recently, we have discovered that many wood or forest litter-degrading basidiomycetes produce chlorinated anisyl metabolites (CAM) [32] . Most 167 strains decolorize Poly R-478, an indicator for ligninolytic activity [101,260.261] and had AAO activity. It was shown that AAO of Bjerkandera BOS55 has a much higher affinity for the chlorinated anisyl compounds compared to the nonchlorinated counterparts, anisyl and veratryl alcohol [105] . Another possible advantage of the CIgroups is the fact that the compounds are not substrates for LiP [105] . The induction of LiP by glucose/peptone medium [102] was correlated with an increased production of veratryl alcohol and not with an increased production of the other aryl alcohols [105] .
These results show that some white-rot fungi produce chlorinated aromatic compounds which have an important function in the extracellular H~O~ production besides having a possible antibiotic activity [80] . The main function of veratryl alcohol in the ligninolytic system are stabilization and charge-transfer reactions of LiP.
Maintenance of the catalytic cycle, the reduction of aryl aldehydes
If the aryl alcohols have a truly important physiological role, then the oxidized metabolites must be recycled. These aryl aldehydes, veratraldehyde and (chlorinated) anisaldehydes, must be reduced to produce the alcohols again with their metabolic function as LiP and AAO substrates. It is not permissible to utilize energy for supplying each catalytic cycle with newly biosynthesized aryl alcohols. Already in 1959, Farmer et al. [262] found aromatic acid and aromatic aldehyde reducing activity in Trametes (syn. Polystictus) uersicolor. The crude, NAD(P)H-dependent enzyme(s) are active on several aromatic compounds including veratrate. Curiously, it was shown that anaerobic conditions repressed the reducing activity of the fungus. On the contrary, flushing with air or oxygen had a positive effect on the conversion, indicating that anaerobic conditions were not responsible for the reduction of aldehydes and acids [221, 262] . Hurst [263] showed that reductive enzymes are common in basidiomycetes and that two different enzymes are involved in the reduction of acid to aldehyde and aldehyde to alcohol. Cultures of the white-rot fungi P. chrysosporium [264] [265] [266] , P. cinnabarinus [267] and T. uersicolor [57, 73, 222] reduce both non-phenolic (veratrate and veratraldehyde) and phenolic (vanillate and vanillin) compounds to their corresponding aldehydes and alcohols. The reduction of aromatic aldehydes has also been described in strains of Fomes fomentarius [268] , P. eryngii [269] , Trametes hirsutus [73] , Phlebia radiata [221] and Bjerkandera spp. [105] .
Recently an intracellular aryl alcohol dehydrogenase (EC 1.1.1.91) from P. ch~sosporium was purified and characterized [266] . The enzyme reduced veratraldehyde to veratryl alcohol using NADPH as a cofactor. Both methoxylated and hydroxylated compounds, including veratraldehyde and anisaldehyde, are substrates for the enzyme. Aromatic ketones, some of which are readily reduced by whole cultures of P. chrysosporium [270] , are not substrates for this dehydrogenase. High glucose concentrations promotes reduction of aromatic acids to their corresponding alcohols [264] . However, when white-rot fungi are grown in a C-limited instead of Nlimited medium the aromatic aldehydes and acids are not reduced to the corresponding alcohols but rapidly metabolized to COs and biomass [135, 267, [271] [272] [273] .
Metabolism of aryl alcohols by fungi
We have seen that non-phenolic aryl alcohols have important physiological functions in the ligninolytic system of white-rot fungi. This means that white-rot fungi must regulate the biosynthesis and metabolization rates of the aryl metabolites, in order to maintain optimal concentrations of those compounds. The biosynthetic routes have been dealt with above and in this section the degradative routes will be discussed.
A general point of interest in discussing the degradation of aryl alcohols by white-rot fungi is whether or not these fungi are able to grow on such compounds as sole source of carbon and energy. During the biodegradation of lignin and lignin model compounds several monomeric aromatic intermediates, including vanillate and syringate, were detected [20, 21, 27] . It is now generally accepted that white-rot fungi cannot use lignin as sole source of carbon and energy [3, 4] . At present also no clear reports are available demonstrating unequivocally that ligninolytic fungi are indeed able to grow on monomeric aromatic compounds [274] [275] [276] [277] [278] [279] . The weak lignin degrader Schizophyllum commune may be an exception in this respect since it grew on sinapyl alcohol as sole carbon and energy source [280] . Fungi from other taxonomic groups, like the hyphomycete Penicillium simplicissimum, can readily use veratryl alcohol or vanillate as sole source of carbon and energy [279, 282] .
However, when an easily metabolized substrate like glucose is available, labelled veratryl alcohol and related compounds are metabolized in CO 2 and biomass [135, 211, 272, 281] . T. versicolor, P. radiata and P. chrysosporium all degrade the phenolic compound vanillate much faster than the non-phenolic compound veratrate [267, 283, 284] , indicating that the non-phenolic compounds are better protected against degradation, Partial oxidation of aryl alcohols may take place extracellularly by ligninolytic enzymes. Intracellularly, the compounds may be fully oxidized to carbon dioxide and water. The two degradative patterns will be discussed below.
Aryl alcohols and extracellular ligninolytic enzymes
In the extracellular environment of white-rot fungi, non-phenolic aryl alcohols with a distinct physiological function are present together with several ligninolytic enzymes. To maintain their physiological concentration, it is important that these compounds are not easily degraded by the aspecific extracellular ligninolytic enzymes.
Non-phenolic compounds." LiP catalyzed reactions. Veratryl alcohol is readily oxidized by LiP, while veratraldehyde and veratrate are not a substrate for this enzyme [222, 270] . Initially it was thought that veratryl alcohol was stoichiometrically converted in veratraldehyde [142] . Upon closer examination, a number of other products was identified. In Fig. 10 several reaction products of veratryl alcohol by LiP-catalyzed oxidation are presented. Although the major product is veratraldehyde (70-90%), several quinones (10% yield) and lactones resulting from ring cleavage (up to 20% yield) are also formed. This product spectrum depends on both the pH and the concentration of Mn [236, 238, 272] . The formation of the quinones has not yet been studied in detail. Presently it is not known if dioxygen or oxygen from water is incorporated and if hydroquinones are intermediates. Much more is known about the ring-opening reactions. Shimada et al. [237, 285] showed with elegant labeling experi- Fig. 11 . Mechanisms for the formation of aromatic ring cleavage products of veratryl alcohol by lignin peroxidase (adapted from [237, 285] ments that one oxygen atom is derived from H20 and the other atom from 02 (Fig. 11) . H20 reacts at the 3-position of veratryl alcohol radical cation while 0 2 [237] or HOO [236] reacts at the four position. Dioxygen is thus used as an electron acceptor producing HOO" as well as a reagent in the ring cleavage reaction (Figs. 10 and 11) [236, 286] . Addition of Mn" increases the LiP catalyzed oxidation of veratryl alcohol but inhibits the formation of ring-opened products [236] . The scavenging of superoxide anion which results in the formation of H202 was speculated to be the reason [181] . This result points to HOO" instead of O 2 as the reactive species in the ring cleavage reaction. Recently, Tuor et al. [287] showed that cis-4-hydroxy-6-hydroxymethyl-3-methoxy-cyclohex-2-enone was a degradation product of LiP-catalyzed oxidation of veratryl alcohol via the intermediate quinone/hydroquinone (Fig. 12) . It is unclear how this compound is further metabolized. Rearomatisation in 2-hydroxy-p-anisyl alcohol is possible at acid pH values. The latter compound is again a substrate for extracellular phenol oxidases; however, the product of this reaction will presumably be the starting quinone analogous to the LiP-catalyzed oxidation of isovanillyl alcohol [20] .
It is anticipated that in an in vivo situation a pH of around 4.5 [238, 272] and charge-transfer reactions prevent the production of significant amounts of quinones and lactones (Fig. 8) . Con- sequently, only small quantites of the veratryl alcohol/veratraldehyde couple will be withdrawn from this system. Other de novo biosynthesized (chlorinated) anisyl alcohols are poor substrates for LiP. Oxidation of anisyl alcohol only resulted in low yields of anisaldehyde [230, 231] , while the chlorinated anisyl alcohols were not oxidized at all by LiP [105] . This means that the other couples are very stable against LiP-caused losses.
MnP catalyzed reactions. Non-phenolic aryl alcohols, e.g. veratryl and anisyl alcohol, are not readily oxidized by MnP generated Mn m [93, 288] . While under standard conditions (pH 0, 0.1 M ionic strength) Mn tI! can have a high standard redox potential of 1.5 V, a value comparable with LiP, under a normal physiological situation a redox potential of 0.9-1.2 V would not be high enough to oxidize veratryl alcohol [93, 95] . However, the oxidation of small amounts of veratryl alcohol to veratraldehyde with Mnm/PPi, MnP/ Mnlt/oxalate [96] and Mnm/acetate [97] systems has been reported. Also the results obtained with Mnm/acetate mediated polycyclic aromatic hydrocarbons (PAH) oxidations show that under certain conditions Mnm/acetate can slowly oxidize the same range of PAH compounds as LiP [289] [290] [291] [292] .
Forrester et al. [96] reported that the MnPmediated oxidation of veratryl alcohol to veratraldehyde was strongly stimulated by gluthatione. Wariishi et al. [95] showed that in the presence of reducing compounds, including
I@oc.,i L ocHa j gluthatione, DTT or other thiol compounds, veratryl alcohol is oxidized in veratraldehyde by MnP/MnH/malonate, Mnm/malonate or ~/-irradiation systems. In the absence of thiol compounds no reaction was seen [93, 95] . Anisyl and benzyl alcohol were oxidized at comparable rates, excluding any great influence of the substrates redox potential. It was proposed that thiyl radicals are formed instead of cation radical intermediates. Other peroxidases like horseradish peroxidase can also oxidize veratryl alcohol when thiol compounds are present [293] . We conclude therefore that two different systems are functioning (Fig. 13 ). There is a direct oxidation of aromatic compounds by Mn m influenced by both the redox potential of the substrate, pH and chelator used. Additionally, in the presence of thiol compounds MnP or HRP generated thiyl radicals can abstract a hydrogen from the a-carbon to form a benzylic radical not much influenced by the ionization potential of the substrate. It is at the moment unclear if the Mn m or thiyl catalyzed oxidation of veratryl alcohol is of any significance in vivo.
Laccase catalyzed reactions. Recently, Bourbonnais and Paice [294] proposed an expanded role for laccase in lignin biodegradation. They showed that in the presence of the oxidizable substrate 2,2'-azinobis-(3-ethylbenzthiazoline-6-sulphonate) (ABTS), Trametes cersicolor laccase can oxidize veratryl alcohol to veratraldehyde (Fig. 13) . Also a laccase from Dichomitus squalens (syn. Polyporus anceps) can oxidize some substrates, for instance the natural product pesticide rotenone, only in the presence of an electron transfer mediator i.e. chlorpromazine [295] . The laccase/ABTS mixture also cleaved a lignin model dimer [24] and hardwood kraft pulp was bleached to the same extent by a in vitro laccase/ABTS mixture compared to whole cultures [296] . However, during the bleaching of hardwood pulp the fungus did not produce a stable physiological equivalent of ABTS. The laccase/syringaldehyde couple can also oxidize veratryl alcohol, although with a lower activity [297] . Syringaldehyde is potentially present under physiological conditions since syringic acid is a common lignin degradation metabolite [27, 29] and it is readily reduced by white-rot fungi. Thus syringaldehyde can potentially be considered as a physiological equivalent to ABTS-mediated reactions. Future research should reveal whether the simultaneous production of laccase and syringaldehyde plays a role in lignin biodegradation.
The exact reaction mechanism is still unknown, but it was shown that the laccase/ABTS couple was the active species and not the ABTS ÷ cation radical produced [294] . Muheim et al. [94] reaction sequence. During the oxidation of veratryl alcohol no quinones or ring-opened products were detected, and 1,4-dimethoxybenzene, a good LiP substrate, was not oxidized. They concluded that a mechanism of hydrogen atom abstraction from the Ca-position leading to hydroxy substituted benzyl radicals, and subsequent oxidation to veratraldehyde takes place (Fig. 13) . The importance of oxidation and cleavage reactions by hydrogen atom abstraction in lignin degradation remains to be elucidated [94] . We propose that also in the LiP/veratryl alcohol catalyzed oxidation of anisyl alcohol and 4-methoxymandelate the charge-transfer reactions can be comparable with those seen with the laccase/ABTS couple [294] . This means that during this oxidation no radical cations but instead hydroxy-substituted benzyl radicals are produced [94] . In his review Schoemaker [20] also proposed the involvement of hydroxy-substituted 4-methoxybenzyl radica! explaining the observed oxygen activation. He also postulated that this benzylic radical can serve as an efficient electron donor for the reduction of compound II to native enzyme. This hypothesis was strengthened by the results of Lundell et al. [121] with a/3-0-4 model dimer.
Phenolic compounds. Phenolic aromatic compounds are common lignin degradation products. It is expected that the different phenol oxidases react in the same way with the phenolic substrates [161, 288, 298] . With all enzymes, polymerization reactions frequently occur [299, 300] . LiP and MnP oxidize phenolic compounds like vanillyl alcohol to aldehydes. Surprisingly, LiP also catalyzes the ring cleavage of this compound to the 8-1actone (Fig. 14) [299] . When a compound is adequatly protected, like sterically hindered 4,6-di(tert)butylguaiacol, laccase can also oxidize such compounds to ring cleavage products in high yields instead of polymerizing the phenol [319] . Laccases from Rhizoctonia praticola and Trametes t'ersicolor react pH-dependent with vanillic and syringic acid. At a high pH of 6.9 the formed phenoxy radicals tend to polymerize, while at pH 3.5 substantial amounts of the monomeric quinones are formed (Fig. 15 ) [300] . Both MnP and iaccase oxidize syringaldehyde and syringate to 2,6-dimethoxybenzoquinone as the main reaction product [161, 288, 297, 301] (Fig. 14) . It was proposed that MnP oxidizes syringaldehyde to 2,6-dimethoxybenzoquinone and formaldehyde in a single reaction step [161, 288] . However, with laccase also 2,6-dimethoxyhydroquinone was found as a reaction product from syringaldehyde oxidation [297] . The formed hydroquinone is readily oxidized by laccase to the quinone [301] . In Fig. 14 the two reaction mechanisms leading to quinone and hydroquinone are presented.
Metabolism of aryl alcohol metabolites by intracellular enzymes
In previous section it was seen that all the de novo biosynthesized non-phenolic aryl alcohols are well protected against the fungus' own extracellular ligninolytic enzymes. The only major products formed extracellularly are the corresponding aryl aldehydes which in turn are readily reduced to the corresponding alcohols. Also several other reports suggest that extracellular phenol oxidases are not important in the degradation of those monomeric aromatic compounds [127, 211, 264, 273, 276] . Nonetheless, the fungus can regulate the amount of extracellular aromatic compounds since several intracellular enzymes are acting on aryl alcohols and their degradation products. Below we will consider alcohol and aldehyde dehydrogenases, hydroxylating enzymes, quinone:oxidoreductases and ring fission enzymes.
At this point it should be stressed that no information is available on active transport mechanisms in white-rot fungi for aryl alcohols/aldehydes. Consequently, we at this stage presume these compounds either diffuse freely into the cells or are selectively taken up by transport systems still to be discovered.
Alcohol and aldehyde dehydrogenases. Basidiomycetes contain several enzymes that reduce aromatic acids and aldehydes to the corresponding aldehydes and alcohols [73, 222, 263, 266 ,290] as discussed above. However, all those oxidoreductases can also potentially catalyze the reverse reaction from alcohols to acids. At the moment there is not enough information available to determine under which culture conditions and for which substrates (phenolic or non-phenolic) oxidation or reduction will predominate.
Hydroxylating enzymes. For most intracellular ring cleavage reactions the aromatic compounds should contain hydroxyl groups. Such molecules can be obtained by introducing new hydroxyl groups on the aromatic ring, by demethylating already existing methoxygroups or by oxidatively decarboxylating carboxygroups. Mono-oxygenases and cytochrome P-450 enzymes can introduce hydroxyl groups. The hydroxylation of methyl anisate by T. L'ersicolor [302] and the conversion of 4-hydroxybenzoate to protocatechuate by P. chrysosporium [248] have been reported. However, the enzymes involved have not been characterized and their relevance in the metabolism of monomeric aromatic compounds is unknown.
Much more is known about the demethylating activity of white-rot fungi, many fungi are capable of demethylating veratrate to vanillate [222, 267] .
In P. radiata, demethylation of [14C]OCH3 labelled veratrate occurs synchronously with LiP and MnP production [221] ; however, the direct demethoxylation of veratryl metabolites by those enzymes has not yet been reported. This demethylating activity, but not the production of ligninolytic enzymes, is repressed by high glucose concentrations [267, 273] . It has been speculated that factors or enzymes other than phenol oxidases may cause this demethylation [267, 303] , but no intracellular O-demethylase activity could be detected [267, 281] . O-Demethylases are very unstable enzymes and only a bacterial enzyme from Pseudomonas putida [304] has been thoroughly characterized. Only one report has been published describing the partial purification of a NADH dependent O-demethylase from a basidiomycete (Xeromyces (syn. Xerocomus) badius) [305] .
Vanillate and other phenolic compounds containing ortho-methoxy groups are readily demethylated by phenol oxidases, but the product(s) of the reaction were not analyzed [19] . The conversion of vaniilate to protocatechuate, indicating the action of a specific vanillate-O-demethylase, has not been found in both P. chrysosporium 173 [275] , P. cinnabarinus [267] and Gloeoporus (syn. Poh,porus ) dichrous [306] .
Another way of introducing hydroxygroups is oxidative decarboxylation. Both laccase, LiP and MnP can catalyze the oxidative decarboxylation of vanillate (Fig. 15) . Also the oxidative decarboxylation of vanillate to methoxyhydroquinone by mycelial pellets of G. dichrous has been reported [306] . An intracellular, NADPH-dependent vanillate hydroxylase has been purified from P, chrysosporium [277, 307] . This enzyme also has decarboxylating activity towards protocatechuate (94%) and to a lesser extent veratrate (9%).
Quinone oxidoreductases. During the microbial degradation of lignin [20, 21] and also xenobiotics [162, 308] , various quinone intermediates are formed. Also the oxidation of veratryl alcohol by LiP [238] and of vanillate by LiP, MnP or laccase results in the formation of several different quinones. The rapid metabolism of those quinones was proposed as a mechanism to shift the equilibrium from enzymatic polymerization to the depolymerization of lignin [20, 270] . Both intracellular and extracellular quinone reductases are present.
At least two different intracellular NAD(P)H : quinone oxidoreductases (EC 1.6.99.2) are produced by P. chrysosporium [270, 309, 310] . One of the enzymes, a NADH:quinone oxidoreductase was purified [311] . This protein consists of several isozymes with broad substrate specificity and is induced by vanillic acid or 2-methoxy-l,4-benzoquinone.
The extracellular enzyme cellobiose :quinone oxidoreductase is often linked with lignin degradation [312] [313] [314] . It was suggested that the reduction of phenoxy radicals formed by phenol oxidases may be important in preventing repolymerization reactions during lignin degradation. For example, the enzyme inhibited the phenol oxidase-catalyzed decarboxylation of vanillate [239] . However, conflicting reports about this subject have appeared [239, 315] . Recent research has shown that cellobiose:quinone oxidoreductase is a breakdown product of cellobiose dehydrogenase (previously known as cellobiose oxidase) [316] [317] [318] . It has been speculated that an impor-tant role of cellobiose dehydrogenase is the production of Fenton's reagent [255] .
Ring fission. Ring cleavage of the aromatic moiety is necessary for a complete mineralization. In some cases phenol oxidases cause limited ring fission [236] [237] [238] 299, 319] . However, fungi are known to contain at least three intracellular enzymes that cause ring cleavage of protocatechuate, catechol and 1,2,4-trihydroxybenzene, respectively [320] . Fungi only catalyze the ortho-cleavage (intra-diol ring fission), whereas bacteria can give both intra-and extra-diol fission [320] . Protocatechuate is a key intermediate in the metabolism of many aromatic compounds both by bacteria and fungi [321] . Many hyphomycetes [279] , including P. simplicissimum [282] metabolized vanillate via protocatechuate into /3-carboxycis,cis-muconate. White-rot fungi are also thought to degrade vanillate via the same route [274, 322] . Indeed, intracellular protocatechuate 3,4-dioxygenase (EC 1.13.11.3) has been purified from P. ostreatus [323, 324] . However, protocatechuate could not be detected as an intermediate in the metabolism of veratrate or vanillate by several basidiomycetes, including P. chrysosporium [279] . Kirk and Lorenz [306] found that methoxyhydroquinone is the main intermediate in vanillate metabolism by G. dichrous. Also in the culture broth of several other basidiomycetes including Trametes sp. [325] , P. cinnabarinus [267] and P. chrysosporium [264, 279] , methoxyhydroquinone was detected. Intracellular 1,2,4-trihydroxybenzene-l,2-dioxygenase (EC 1.13.11.-) is a common fungal enzyme [314, 326] ; however, specific enzymes which convert methoxyhydroquinone in 1,2,4-trihydroxybenzene have not yet been described. Finally, 1,2,4,5-tetrahydroxybenzene was detected as an intermediate of aromatic compound degradation [308] . However, it is not yet known if another specific dioxygenase is involved in this ring cleavage reaction.
Conclusions
Aryl (veratryl, anisyl and chlorinated anisyl) alcohols are common secondary metabolites of white-rot fungi. These compounds serve physiological functions together with extracellular enzymes involved in lignin biodegradation and their concentration in the extracellular fluid is highly regulated by intracellular enzymes.
The fungus can produce the aryl alcohols by de novo biosynthesis from carbohydrates and by methylation and subsequent reduction of lignin degradation intermediates. It is anticipated that the metabolites are biosynthesized via phenylalanine but most enzymes and intermediates have not yet been characterized. The biosynthesis route of the chlorinated anisyl alcohols is still unclear. In cultures of white-rot fungi no extracellular chloroperoxidase activity has been found, while chlorinated tyrosines have been detected in other organisms. From these facts, we speculate that it is worthwile to consider chlorinated tyrosines as intermediates in the formation of chlorinated aryl alcohols. It is remarkable that such compounds, generally thought to be mainly of anthropogenic origin, are biosynthesized at high concentrations by white-rot fungi in their natural environment. In our opinion these findings may have an important impact on the norms for chloroaromatics in the environment, and consequently it is necessary to fully determine the ubiquity of this capacity among fungi. The former belief that chloroaromatics were unnatural has perhaps hindered the search for chloroaromatic-degrading microbes. Microbiologists will soon learn that such organisms are present in the close vicinity of CAM-producing fungi.
The secondary metabolites are produced simultaneously with the ligninolytic enzymes. Veratryl alcohol is an inducer of ligninolytic enzymes, but it is doubtful if this is a physiologically important function. More importantly, it stabilizes lignin peroxidase (LIP) by preventing inactivation and it can act as a charge-transfer mediator both in oxidation of other molecules, including lignin, and in the reduction of oxygen, generating active oxygen species. Further research is still necessary to define more precisely the role of charge-transfer reactions in lignin and xenobiotic biodegradation. Nonetheless, it is clear that veratryl alcohol is vital for a proper functioning of LiP. The other aryl alcohols are not involved in stabilizing or mediating peroxidase reactions but they are excellent substrates for extracellular aryl alcohol oxidases (AAO) and generate H202. This is not the only H2Oz-generating system available to white-rot fungi, but it may be an important alternative for many fungi. The aryl alcohol metabolites are stable in the aggressive extracellular ligninolytic system. The only significant conversion of the aryl alcohols is into their corresponding aldehydes. The formed aldehydes are readily recycled through their reduction to the corresponding alcohols by intracellular dehydrogenases. Thus constant alcohol levels are maintained for physiological purposes without the need for energy-consuming biosynthesis of additional aryl alcohols. We think that the fungus can regulate the levels of the aryl alcohols with the same intraceilular enzymes that are involved in the catabolism of monomeric aromatic compounds released from lignin biodegradation. However, the routes and fine-tuning of biosynthesis and biodegradation of the aryl alcohols under different culture conditions needs further research.
We have discussed the biosynthesis, physiological roles and biodegradation of aryl alcohols in lignin biodegradation, which is summarized Fig.  16 . Lignin biodegradation by white-rot fungi is more than a matter of enzymes; it is now clear that aryl alcohol metabolites also are important components involved in this degradation process. This ensures an even more challenging future [19] for scientists involved in the genetic and biochemical characterization of lignin biodegradation.
